Advancements in genome editing have relied on technologies to specifically damage DNA which, in turn, stimulates DNA repair including homologous recombination (HR). As off-target concerns complicate the therapeutic translation of site-specific DNA endonucleases, an alternative strategy to stimulate gene editing based on fragile DNA was investigated. To do this, an episomal gene-editing reporter was generated by a disruptive insertion of the adeno-associated virus (AAV) inverted terminal repeat (ITR) into the egfp gene. Compared with a non-structured DNA control sequence, the ITR induced DNA damage as evidenced by increased gamma-H2AX and Mre11 foci formation. As local DNA damage stimulates HR, ITR-mediated gene editing was investigated using DNA oligonucleotides as repair substrates. The AAV ITR stimulated gene editing 41000-fold in a replicationindependent manner and was not biased by the polarity of the repair oligonucleotide. Analysis of additional human DNA sequences demonstrated stimulation of gene editing to varying degrees. In particular, inverted yet not direct, Alu repeats induced gene editing, suggesting a role for DNA structure in the repair event. Collectively, the results demonstrate that inverted DNA repeats stimulate gene editing via double-strand break repair in an episomal context and allude to efficient gene editing of the human chromosome using fragile DNA sequences.
INTRODUCTION
DNA-inverted repeat sequences (IRs) are abundant in prokaryotic and eukaryotic genomes and are considered 'hot spots' of genomic instability. 1, 2 Such instability is thought to originate from intra-strand nucleotide (nt) interactions, resulting in structured extrusions, generally termed 'hairpins' herein. These hairpins, or remnants thereof, are often found near sequence deletions, mutations, duplications and chromosomal rearrangements, all of which contribute to the oncogenesis via chromosome instability. 3 In bacteria, yeast and mammals, IRs are processed to DNA doublestrand breaks (DSB) in a manner that appears both dependent and independent of DNA replication. 2, [4] [5] [6] Depending on the mechanism of DSB repair, these palindromic structures are often deleted or, to a lesser extent, can be repaired via homologous recombination (HR). Consistently, reports in Escherichia coli and yeast have demonstrated the ability of IRs to stimulate HR. 2, 7, 8 Recent genetic advancements have demonstrated the ability to modify the human genotype via HR. In general, the efficiency of HR is low (≈1 in a million), 9, 10 however, a DSB generated at, or near, the target sequence induces HR by several orders of magnitude. [11] [12] [13] [14] As such, much attention has focused on the generation of site-specific endonucleases to generate specific DSBs, or a single-strand nick, near the site to be modified. [15] [16] [17] However, off-target cleavage activity associated with these enzymes often generates unwanted mutations and toxicity, thus complicating the transition of this technology to therapeutic applications. [18] [19] [20] In addition to protein endonucleases, other methods of generating specific DSBs include triplex-forming oligonucleotides, the Cas9/CRISPR system and group II intron ribonucleic proteins, all of which demonstrate varied gene-editing efficiencies. [21] [22] [23] It is well appreciated that chromosomal instability is associated with genetic rearrangements, oncogenesis, cell death and genetic diseases. Furthermore, repeated and structured DNA sequences are known elements of chromosomal instability. 1, 2 This understanding generated the hypothesis that structured DNA sequences stimulate HR in the vicinity of the element. The work herein confirms this hypothesis using viral and human IRs in conjunction with a sensitive episomal reporter of gene editing. From a mechanistic standpoint, the adeno-associated virus serotype 2 (AAV2) inverted terminal repeat (ITR) sequence induced gamma-H2AX and MreII DNA damage signaling, was processed in the absence of a repair template and stimulated replicationindependent HR. This work characterizes a unique format to optimize DNA structure-mediated HR and to gain a mechanistic understanding of DNA instability.
RESULTS AND DISCUSSION
Initially, I indirectly investigated whether the 165 nt AAV2-ITR is processed to a DSB in human 293 cells via gamma-H2AX staining. H2AX is a histone that is phosphorylated by a PI3 kinase on ser 139 (gamma-H2AX) in response to DSBs. 24 To do this, the AAV2-ITR (double D format), 25 or a size-matched control sequence, was inserted into the I-SceI site of a previously described defective egfp plasmid reporter ( Figure 1 ). 12 Single-strand DNA secondary structure software (mfold) predicts a single T-shaped folding for the AAV2-ITR, whereas multiple less energetically favorable conformations were predicted for the control sequence, suggesting no preferred structure (termed No Structure). As a positive control for episomal DSBs, or perhaps off-target chromosome DSBs, a defective egfp reporter containing the I-SceI site was evaluated in the presence and absence of the I-SceI endonuclease (Figures 1 and 2 ). 12 Etoposide, which indirectly induces DSBs served as a positive control for host chromosomal damage. 26 Using human 293 cells, a significant twofold increase in gamma-H2AX staining was noted 8h post transfection of the AAV2-ITR plasmid compared with the No Structure control sequence as quantitated by flow cytometry (Figure 2a ). This twofold increase was similar to that noted for the I-SceI target in the presence of the I-SceI endonuclease (Figure 2a ). Greater than 70% of cells stained positive for gamma-H2AX following etoposide treatment (Figure 2a ). These results demonstrate that both I-SceI, in the presence of its target site, and the AAV2-ITR induce DNA DSB signaling.
The Mre11 protein is a endo-and exonuclease involved in HR and non-homologous end joining repair of DSBs, as well as in telomere maintenance. 27 Previous work reported that Mre11, in conjunction with Nbs1 and Rad50, acts as the primary DSB sensor, and an independent report demonstrated binding of the complex to the AAV2-ITR. [28] [29] [30] To confirm the later observation, Mre11 localization was monitored following recombinant AAV2 transduction by immunofluorescence. Discrete clusters of Mre11 foci were detected only in cells transduced by recombinant AAV2 (rAAV2), consistent with a previous report ( Figure 2b ). 29 Next, similar experiments were performed following the transfection of pAAV2-ITR or the No Structure control. Intense Mre11 staining of larger clusters was noted for pAAV2-ITR, but not in the No Structuretreated control cells ( Figure 2c ). The more intense staining observed in the pAAV2-ITR transfection, when compared with the smaller foci noted for rAAV infected cells, may indicate the greater intracellular DNA concentration of the double-strand circular plasmid compared with the initially single-strand linear transduced rAAV genomes, or perhaps different intra-nuclear distributions.
DNA structures are often processed by the host DNA machinery during transcription and/or replication. The above data of induced Mre11 foci formation and increased gamma-H2AX ( Figure 2 ) demonstrate that in a non-viral context the AAV2-ITR sequence induces a DNA damage response, and perhaps, is processed similar to rAAV genomes post transduction. 29, 31, 32 To investigate this, polymerase chain reaction amplification was performed across the episomal insertion of either the No Structure or AAV2-ITR defective egfp reporter. As a template for these reactions, the respective plasmid prior to transfection or Hirt DNA recovered 24 h post transfection was utilized with a robust polymerase. A successful amplification reaction results in a 680 bp amplicon for both the No Structure and AAV2-ITR plasmid inputs, and theoretically all non-processed Hirt DNA templates (Figures 1  and 3a ). Amplification of the AAV2-ITR input and AAV2-ITR Hirt templates gave two additional bands presumably consistent with the position of the amplification primers and a site within the AAV2-ITR (260 bp and 400 bp, respectively; Figures 1 and 3a ). However, a unique polymerase chain reaction product was observed in a manner specific to the AAV2-ITR Hirt DNA amplification at an approximate size of 480 bp (Figure 3a ). This product was cloned and recovered from SURE cells; however, despite repeated sequencing attempts it was not possible to obtain the entire sequence of the processed AAV2-ITR. To determine if the two SmaI sites within the ITR were maintained Figure 1 was transfected into 293 cells. Eight hours post transfection, cells were harvested and stained for gamma-H2 AX, which was then quantitated by flow cytometry. The I-SceI recognition sequence, in the presence of the I-SceI endonuclease, was used as a positive control for episomal double-strand breaks, whereas etoposide treatment was used as a positive control for host chromosome double-strand breaks. (b) 293 cells were given rAAV and 12 h post infection, the cells were stained with an MreII antibody and observed by microscopy. (c) 293 cells were transfected with the indicated plasmids, stained with an MreII antibody 12 h later, and observed by microscopy. Arrows emphasize foci formation and the asterisk indicates a P-value o0.05 using a student's t-test.
in the unique junction amplicon(s), SmaI digestion was performed. The results demonstrated a partial digest of the amplicons, suggesting that intracellular processing of the ITRs is not identical for all molecules (data not shown).
The experiments above demonstrate by two independent measures that the AAV2-ITR sequence in a plasmid induces DSB signaling ( Figure 2 ). Furthermore, this sequence is targeted by cellular machinery and is processed to a smaller form perhaps by non-homologous end joining, as a homologous repair template was not provided ( Figure 3 ). As local DSBs induce HR, 13 the ability of the AAV2-ITR to stimulate gene editing was investigated in the defective egfp plasmid reporter context ( Figure 1 ). As a repair substrate, a single-strand DNA oligonucleotide, composed of 40nts of egfp homology to both sides of the disruptive hairpin insertion, was used in sense (Fwd) or antisense orientations (Rev). A non-homologous oligonucleotide was used as a negative control. 33 Three days following co-transfection of the AAV2-ITR target plasmid and the egfp repair oligonucleotide,~0.2% of cells were GFP+, indicating homologous repair of the defective reporter ( Figure 3b ). In contrast, no GFP+ cells were noted using the nonhomologous repair substrate or the No Structure target with either repair substrate ( Figure 3b ). Furthermore, the sense and antisense repair substrates stimulated gene editing to similar levels, consistent with our report of no polarity bias for inter-molecular HR when targeting a region that is not replicated (Figure 3b ). 33 To allow a comparison with endonuclease-mediated gene editing, the pA658 control plasmid containing the I-SceI site, in the presence of I-SceI, was investigated for egfp correction. The results demonstrate that HR stimulated by the nuclease induced break was fivefold more likely to occur when compared with either hairpin-induced break (Figure 4b) .
Some previous reports of IR-induced DSBs invoke a replicationdependent mechanism, 34-36 however, the target plasmids used herein do not contain a known mammalian origin of replication.
To determine whether the AAV2-ITR target plasmid undergoes replication in these experiments, extra-chromosomal (Hirt) DNA was harvested 3 days post transfection. To remove the transfected DNA, while preserving any replicated forms, samples were digested with DpnI, an endonuclease that recognizes a common bacterial-specific methylation motif. Then, the DNA was analyzed by non-denaturing Southern blot analysis using an egfp probe. In the presence of DpnI, complete digestion of the Hirt DNA was observed (plasmid is 9 kb, Figure 3c ). This result demonstrates that significant target molecule replication does not occur, and therefore, suggests that the AAV2-ITR stimulates gene editing by a replication-independent mechanism.
Next, the ability of a similar DNA sequence derived from human chromosome 19 (Ch19), AAVS1, to stimulate gene editing was Figure 3 . The AAV2-ITR stimulates gene correction. (a) 293 cells were transfected with a defective egfp plasmid containing the No Structure or AAV2-ITR insertion sequences. Two days later, Hirt DNA was isolated and used as a PCR template with egfp primers designed to amplify across the insertion sequence. In a separate reaction, the input plasmid (used for the respective transfections) served as template. Amplicons were then separated on an agarose gel and visualized with ethidium bromide. (b) The gene correction reporter plasmid containing the indicated sequence insertion was used for 293 cell transfection. In addition, a non-homologous (NH) or egfp repair oligonucleotide was included in the transfection as a repair substrate. Two days later, GFP+ cells were quantitated by flow cytometry. (c) 293 cells were transfected with the indicated plasmid and Hirt DNA was recovered 2 days later. The recovered DNA was analyzed by non-denaturing Southern blotting with or without prior digestion by DpnI. The asterisk indicates a P-value o0.05 using a student's t-test for the depicted samples. Inverted terminal repeat stimulates gene editing investigated. 37, 38 AAVS1 shares 80% sequence identity to the AAV2-ITR, however, AAVS1 is predicted to fold into a hairpin having a perfect 67 nt stem with a 3 nt loop (Figure 4a ). The 148 nt 'DD' AAVS1 sequence 38 was cloned into the gene editing reporter ( Figure 1 ) and used as the episomal target in the presence of the egfp oligonucleotide repair substrate. GFP+ cells, indicative of targeted HR, were quantitated by flow cytometry 48 h post transfection. Consistent with the results using AAV2-ITR, no GFP+ cells were detected using the non-homologous oligonucleotide (Figure 4b ). In the presence of the homologous repair oligonucleotide, gene editing stimulated by the AAVS1 hairpin was modestly elevated compared with AAV2-ITR, but not statistically different (Figure 4b ). Assuming that secondary structure predictions are physiologically relevant, these results suggest that AAV2-ITR and AAVS1 sequence similarities, and not necessarily the predicted DNA secondary structure (T-shaped vs stem-loop), are important for IR-induced gene editing in these instances.
The work thus far demonstrates that a viral and a Ch19 sequence stimulate gene editing at levels approaching those reported for several first generation site-specific endonucleases, albeit in an episomal context with~150 target copies per cell (Figure 4b ; data not shown). 12, 39 However, unlike endonuclease scaffolds that can be targeted towards a particular DNA sequence of interest, DNA structure-induced chromosomal gene editing would require an endogenous IR at, or near, the site to be modified, such as Alu repeats. Over one million Alu repeats comprise over 10% of the human genome and are present in multi-copy on every arm of every human chromosome. Therefore, toward the possibility of IR-induced gene editing throughout the human genome, Alu DNA, which is associated with various types of chromosome instability, was investigated in an episomal context. 40 Previously reported Alu direct or indirect repeat sequences (652 nt in size with a 12 nt spacer) 40 in the gene editing reporter (Figure 1) were transfected along with an oligonucleotide repair substrate, and GFP+ cells were quantitated 3 days later. In the case of Alu direct repeats, GFP+ cells were observed at very low levels in the presence and absence of a homologous repair oligonucleotide ( Figure 5) . In contrast, a 20-fold increase in GFP+ cells was noted for the Alu indirect repeat sequences in the presence of homologous repair substrate, demonstrating the importance of DNA structure for stimulation of HR. 41 It is well appreciated that local DNA damage can stimulate gene editing over 1000-fold. 12, 15, 29, 30 One strategy to stimulate targeted HR, which has been reported in bacteria and yeast, is the use of DNA IRs. 33, 41 In yeast, the human Alu indirect repeat sequence stimulated a 30-fold increase in gene editing in an Mre11dependent reaction. 41, 42 This dependence is consistent with the observations in a human context of pAAV2-ITR induced Mre11 foci formation (Figure 2c ), which is not surprising given the diverse roles the Mre11 complex has in DNA repair. 29, 30 Another report of IR-induced HR was our previous demonstration that the AAV2-ITRs stimulate inter-molecular recombination of transduced rAAV genomes. 33 In that report, an oligonucleotide was used to tether distinct viral genomes and also functioned as the repair substrate, thereby generating a larger DNA molecule. Interestingly, no significant difference in the repair frequency was observed based on oligonucleotide polarity when targeting a duplexed region of the transduced genome. 29, 30, 33 In contrast, a consistent bias was noted when targeting single-strand regions that undergo replication, and in that case, the oligonucleotide orientation that corresponded to the template strand was more efficient for the HR event. 29, 30, 33 The results obtained herein are consistent, in that no repair oligonucleotide polarity bias was observed for the DNA structure-induced editing events using an episomal template that is transcribed, but does not undergo observable replication (Figure 3b ). As the episomal reporter of this work undergoes transcription, the role of this event in the DNA repair process remains uncharacterized.
Regarding the 'natural' processing of the AAV2-ITR in the absence of a repair substrate, the data allude to deleted, heterogeneous species likely generated by non-homologous end joining and/or intra-or inter-molecular HR (Figure 3a ). Consistently, an early report using restriction analyses demonstrated that, host-cell processing of plasmid encoded AAV2-ITR sequences results in various ITR deletions, of which only some of these were competent for AAV production. 43 Importantly, that same work demonstrated that the alterations in the ITR sequence are not necessarily final, and in the case of the AAV genomes, ITR deletions could be 'corrected' back to wild type ITR sequence. 43 This observation calls into question the exact molecule, or molecules, mediating the AAV2-ITR-induced gene editing event and suggests the possibility that processed pAAV2-ITR ( Figure 3 ) could be 'corrected' by non-processed ITR sequences. 43 Such heterogeneity could possibly account for our inability to obtain reproducible sequencing data for these molecules. Although not observed with the negative control, it can be argued that polymerase chain reaction amplification of the pAAV-ITR2 Hirt DNA, either by the method used herein or for other approaches, such as bisulfite sequencing, is sequence biased and introduces artifacts further calling into question the precise sequences of the processed ITR sequences. Nonetheless, the results indicate that pAAV2-ITR is processed at multiple positions into smaller species of unknown structure/function (Figure 3 ).
In addition to the AAV2-ITR, the ability of other hairpins to stimulate gene editing was demonstrated, including an AAV2-ITRlike sequence found on Ch19 (AAVSI). AAVSI shares 80% sequence identity with the AAV2-ITR and, assuming that secondary structure predictions are physiologically relevant, a primary difference between these two sequences is that AAV2-ITR is T-shaped, whereas AAVSI forms a linear hairpin (Figure 4a ). Currently, the reasons underlying the recombination potential of these tested sequences is unclear, and as DNA sequence and structure are not mutually exclusive and DNA secondary structure predictions may not be physiologically relevant, definitive conclusions are not forthcoming.
In this work a sensitive and quantitative method was used to evaluate the ability of different DNA sequences to induce targeted HR. This system relies on an episomal gene-editing reporter and takes advantage of the ability of structured DNA to induce DSBs and host-cell processing (Figures 2 and 3) . The ability of AAV2-ITR, AAVS1, and Alu repeats to stimulate gene editing is demonstrated, the latter of which are scattered throughout the human genome. Figure 5 . Alu inverted repeats stimulate gene correction. Alu direct or indirect repeats were cloned into the gene editing reporter depicted in Figure 1 . These resultant 'target' plasmids were then independently transfected into 293 cells along with the indicated repair oligonucleotide (NH = non-homologous or egfp). Three days post transfection GFP+ cells were quantitated using flow cytometry. The asterisk indicates a P-value o0.05 using a student's t-test.
As previous work in yeast and in human cells has demonstrated gene editing at sites distant from a targeted DSB, 14, 44 the collective work raises the intriguing possibility that existing fragile sequences, such as indirect Alu repeats, can serve to stimulate local gene editing throughout the human genome. Since the data herein is limited to episomal molecules, it is apparent that additional factors such as open or relaxed chromatin will influence the accessibility of chromosome regions to repair. Regarding episomal utility, the results of this work and ongoing experiments suggest that different ITRs stimulate HR at different efficiencies (Figures 4 and 5) . As previous work has demonstrated that AAV large gene transduction is enhanced by directing concatemerization via ITRs from different serotypes, 45 it is possible that the system herein can also be used to screen wild type and synthetic ITR recombination potentials to enhance oversized AAV transduction (that is, identical ITRs with a high recombination potential could be used to direct transgene reconstruction following split vector transduction).
MATERIALS AND METHODS
Cell culture and manipulations HEK-293 cells were maintained as previously reported. 46 Transfections were performed using poly(ethylenimine) on 50 000 293 cells per well (500 µl final volume) in a 24-well plate. The target plasmid was used at 0.5 µg per well and the repair oligonucleotide at 1.5 µg per well. The non-homologous oligonucleotide 80-mer was previously described, 33 whereas the GFP 80-mer corresponds to the 40 nt immediately flanking both sides of the disruptive insertion in pA658. 12 For the single-strand AAV2-CMV-eGFP vector infection experiment, vector was produced following a standard protocol 47 and administered at 10 000 viral genomes per cell.
Amplification across the disruptive insertion in the gene editing egfp reporter relied on standard polymerase chain reaction using LA Taq polymerase (TaKaRa, Mountain View, CA, USA). The primer sequences within the egfp coding sequence used in those reactions contained HindIII and XbaI for junction cloning and were the following: Fwd CGCATAAGCTTGGACGGCGACGTAAA and Rev CGATTCTAGATACTCCAGCTTGTGCC. Plasmid DNA, and small molecular weight DNA (Hirt) recovered by a standard protocol, 32 were used as amplification templates. The replication experiments also relied on Hirt DNA recovery following plasmid transfection, DpnI digestion to remove delivered plasmid, non-denaturing gel electrophoresis and detection on a nitrocellulose membrane (Hybond XL, Amersham, England) with random radio-labeled probes generated from the egfp cDNA. 47 
Plasmid construction
The gene editing parent plasmid pA658 was reported previously. 12 Target plasmids were generated by blunt cloning into the unique I-SceI site of pA658. In general, E. coli Sure Cells (Agilent, Santa Clara, CA, USA) were used for transformation and plasmid recovery. The AAV2-ITR sequence was taken from the 165 nt EcoRI fragment of pDD, 25 the AAVSI sequence was acquired from the HindIII/KpnI digestions of a reported plasmid, 38 and the Alu indirect and direct repeat sequences were provided by Dr K Lobachev. 40 Sequence verification was performed on the 'DD' AAV2-ITR and containing plasmid from both directions following SmaI digestion, however, the 5 nt in between the two SmaI sites were not confirmed. 'DD' AAVS1 sequencing followed a SfiI digestion. The No Structure control was generated using a noncoding sequence of pLKO.1 TRC (nts 152-296) and cloned into the I-SceI of pA658. In the case of the Alu repeats, the generated plasmids containing the indirect or direct variation were verified by digestion owing to difficulties in sequencing these elements. 40 Cellular staining Gamma-H2AX staining was performed using the phospho-(ser 139)-H2 A.X antibody (2 µg ml − 1 ; Millipore, Billerica, MA, USA) as previously described. 48 MreII cellular staining followed an established protocol. 29 
GFP+ cell detection
Flow cytometry was performed as described. 33 Approximately 250 000 cells were analyzed per replicate and more than nine different replicates were performed for each experimental group. Statistical significance was determined by a Student's t-test.
